Currently, the most compelling astrophysics questions include how planets and the first stars formed and whether there are protostellar disks that contain large organic molecules. Although answering these questions requires space telescopes with apertures of at least 10 meters, such large primaries are challenging to construct by scaling up previous designs; the limited capacity of a launch vehicle bounds the maximum diameter of a monolithic primary, and beyond a certain size, deployable telescopes cannot fit in current launch vehicle fairings. One potential solution is connecting the primary mirror segments edgewise using flux-pinning mechanisms, which are analogous to non-contacting damped springs. In the baseline design, a flux-pinning mechanism consists of a magnet and a superconductor separated by a predetermined gap, with the damping adjusted by placing aluminum near the interface. Since flux pinning is possible only when the superconductor is cooled below a critical temperature, flux-pinning mechanisms are uniquely suited for cryogenic space telescopes. By placing these mechanisms along the edges of the mirror segments, a primary can be built up over time. Since flux pinning requires no mechanical deployments, the assembly process could be robotic or use some other noncontacting scheme. Advantages of this approach include scalability and passive stability.
INTRODUCTION
Currently, some of the most compelling astrophysics questions concern the origin and evolution of the universe and the prevalence of life, and the desire to answer these questions creates a need for large-aperture space telescopes that complement existing observatories. A 10-to 16-m class far-infrared to submillimeter space telescope, for example, is required to answer questions about early star formation, planetary system evolution, and the presence of large organic molecules in protostellar disks. These measurements cannot be performed with any existing observatory since atmospheric extinction precludes ground-based measurements at these wavelengths and since the space telescopes that operate in this range suffer from source confusion. [1] [2] [3] [4] While science drivers exist for creating large-aperture space telescopes, such large primaries are challenging to package and deploy. Since the limited capacity of a launch vehicle places an upper bound on the diameter of a monolithic mirror, larger apertures require segmentation, which can be implemented using a variety of methods. The first segmented space telescope, the James Webb Space Telescope, has a primary consisting of 18 hexagonal segments mounted on a rigid backplane that folds to meet launch fairing constraints, 5 and some proposals for even larger segmented telescopes use a scaled version of this design. 3, 6, 7 Alternative proposals rely on tethers to connect the segments, with rotation providing the stability instead of a backplane. 8, 9 However, while these techniques seek to maximize the diameter given the launch fairing constraints, an upper limit remains. Achieving even larger diameters requires decoupling the mirror packaging and deployment scheme from the choice of launch vehicle, which can be accomplished by launching a collection of segments that are assembled in space. Assembly methods include formation flight, 10 electromagnetic formation flight, 11 and laser trapping. 12, 13 Yet, these techniques present their own challenges. They require active control to prevent collisions and maintain optical alignment, and some techniques, such as formation flight, require the use of expendables. Ideally, the assembly method would enable the on-orbit construction of a large segmented primary that does not rely on active control to maintain its shape.
Flux-pinning mechanisms may provide a means of attaining this ideal scenario. A non-contacting interaction between a magnet and a type II superconductor, flux pinning passively stabilizes the relative orientation and position of the magnet and superconductor in every direction that has a magnetic field gradient. A more detailed description of flux pinning is presented in Section 2. A flux-pinning mechanism consists of an arrangement of at least one magnet and one superconductor, and like a flexure, it allows free motion in specific degrees of freedom. In any other degree of freedom, there is a restoring force analogous to a damped spring force. Section 3 describes sample mechanisms and their properties. Since flux pinning requires cryogenic temperatures, a flux-pinning mechanism is activated only once the superconductor cools below some critical temperature. As a result, these mechanisms can be used to connect adjacent mirror segments in a non-contacting manner on-orbit, assuming that there exists some mechanism to maintain at least coarse alignment while the segments cool down. The aim of this approach is to assemble a segmented mirror that is analogous to a monolith; the segments are physically connected to their neighbors at discrete locations, rather than floating in a formation that must be actively controlled. Section 4 presents potential mirror assembly schemes, and Section 5 summarizes the mechanism concept and its proposed application.
FLUX PINNING
A type of interaction between a magnet and a type II superconductor, flux pinning is analogous to a damped spring force that acts over a distance and is due to the presence of impurities in the superconductor material. These impurities allow magnetic fields to penetrate into the superconductor; if the superconductor is cooled below some critical temperature T c (88K for YBCO, yttrium barium copper oxide) in the presence of a magnetic field, the magnetic field lines are "frozen" into the superconductor, and any subsequent changes to the magnetic field induce supercurrents that oppose the change. As a result, the relative orientation and position of the magnet and superconductor are passively stabilized in every direction that has a magnetic field gradient.
In the frozen-image model, 14 the interaction between the permanent magnet and the superconductor can be explained by using three magnets, as shown in Figure 1 . The first magnet corresponds to the permanent magnet, and the remaining magnets are images of the permanent magnet within the superconductor. The first image magnet, the mobile image, is a reflection of the permanent magnet across the superconductor surface. The mobile image moves as the permanent magnet moves, and since their dipole moments are mirror images, the two magnets always repel. The second image magnet, the frozen image, is almost a reflection of the permanent magnet at the moment the superconductor cooled below its critical temperature; the orientation and position are mirror-imaged, but the dipole moment is the same. The frozen image does not change as the permanent magnet moves. The force on the permanent magnet is equal to the sum of the forces of the two image magnets, and the orientation and position the permanent magnet has as the superconductor cools below its critical temperature define an equilibrium orientation and position. In the frozen-image model, the interaction between a magnet and a type II superconductor is represented by the interaction between the magnet and two image magnets: a mobile image magnet, which is a mirror image of the permanent magnet, and a frozen image magnet, which is a mirror image of the permanent magnet at the moment the superconductor cools below its critical temperature with the dipole moment reversed. When the superconductor temperature is above the critical temperature, as shown in a), there is no interaction between the magnet and the superconductor. The image magnets form once the superconductor cools below its critical temperature, as shown in b). If the permanent magnet later moves away from its initial position, the mobile image follows, while the frozen image remains fixed, as shown in c).
THE FLUX-PINNING MECHANISM
A flux-pinning mechanism consists of a configuration of at least one magnet and one superconductor, with the specific arrangement determined by the mechanism application. Previous investigations into flux-pinning mechanism design have focused on the application of these mechanisms as joints between spacecraft modules, 15, 16 but the same principles apply to designing optomechanical devices. Like a flexure, a flux-pinning mechanism preferentially allows motion in specific degrees of freedom, and the choice of these degrees of freedom affects how the mechanism is constructed.
For example, to allow motion in five degrees of freedom like a wire flexure, a flux-pinning mechanism could consist of a superconductor pinned to a spherical magnet mounted in an inverted cone, as shown in Figure 2a . Since the line connecting the spherical magnet and the superconductor is an axis of symmetry for the magnetic field, the superconductor is free to rotate about this axis without disturbing the magnet. However, a spring-like restoring force will oppose any motions that would change the relative orientation and position of the magnet and superconductor, such as motion along the line connecting the two. As a result, rotating the superconductor about the cone will cause the magnet to rotate correspondingly since it is free to move within the cone.
To allow motion along a line like a pair of parallel blade flexures, a flux-pinning mechanism could consist of a superconductor pinned between two long cylindrical magnets, as shown in Figure 2b .
* In this configuration, a line between and parallel to the magnets is the only direction without a magnetic field gradient, so it is the only direction in which the superconductor can move freely. To allow only rotation about an axis like a cross-blade flexure, a fluxpinning mechanism could consist of a small cylindrical magnet pinned above a superconducting disk, as shown in Figure  2c . As with the mechanism in 2a, the line connecting the magnet and superconductor is an axis of symmetry for the magnetic field, so rotations about this axis are unconstrained. Motions in any other direction, however, are opposed by a restoring force since there is a magnetic field gradient and the entire mechanism is not free to rotate. In each of these examples, the flux-pinning mechanism design is driven by the degrees of freedom in which motion is desired. Shaping the magnetic field to be constant in all of these directions is one approach but not a requirement, as the mechanism in 2a demonstrates. Like a flexure, a flux-pinning mechanism preferentially allows motion in certain directions, and the chosen directions determine the mechanism design. For example, to allow motion in five degrees of freedom like the wire flexure in a), the flux-pinning mechanism consists of a superconductor pinned to a spherical magnet which is mounted inside an inverted cone. To allow motion along a line like the pair of parallel blade flexures in b), the flux-pinning mechanism consists of a superconductor pinned between two long cylindrical magnets. To allow only rotary motion like the cross-blade flexure in c), the flux-pinning mechanism consists of a small cylindrical magnet pinned to a superconducting disk.
The restoring force that opposes motion in directions with a magnetic field gradient is analogous to a damped spring force. The stiffness and damping of this force depend upon the choice of magnet and superconductor, the initial separation between the magnet and superconductor, and the presence of conductors. For a given magnet/superconductor pair, the stiffness of the interaction is determined by the initial separation between the magnet and the superconductor, increasing nearly exponentially as the separation decreases, 17 and the amount of damping can be adjusted independently by placing nonmagnetic conductive metals, such as aluminum, near the interface. 
ASSEMBLY CONCEPTS
By connecting neighboring segments edgewise, flux-pinning mechanisms may enable the on-orbit assembly of large segmented primaries that are analogous to monoliths. A large segmented primary could, for example, consist of rings of hexagonal segments or petals, with the flux-pinning mechanisms placed along the segment edges, as shown in Figure 3 . Like a monolithic mirror, such a segmented mirror could be treated as a single unit, although the connections between the segments are discrete instead of continuous. In addition, relative motion between the segments would introduce an amount of damping that can be adjusted by placing nonmagnetic conductive materials, such as aluminum, near the fluxpinning mechanisms. Previous experiments 15 have demonstrated that the amount of damping can be as high as 2% of critical, compared to the 0.001% (or less) material damping typically present in space telescopes. 18 Since flux pinning is possible only when the superconductor is cooled below a critical temperature, flux-pinning mechanisms are uniquely suited for telescopes that must be kept cold in order to operate, such as infrared telescopes. These non-contact mechanisms operate best at cryogenic temperatures, unlike mechanical mechanisms, which can have problems with lubrication, CTE matching, and thermal snap. In addition, it is possible to deactivate a flux-pinning mechanism and reactivate it in a new configuration simply by warming the superconductor, changing the relative orientation and position of the magnet and superconductor, and allowing the superconductor to cool. However, the operational temperature requirement for flux-pinning mechanisms has another implication: in order to use flux-pinning mechanisms for mirror alignment, some other technique must be used to maintain the alignment as the superconductors cool. In other words, the mirror assembly process would require multiple steps. Three potential assembly schemes are outlined below.
Robotic Alignment
One approach is to use a robotic system to align the flux-pinning mechanisms during the cooling process; once cold, the flux-pinning mechanisms maintain the alignment and phasing. The alignment process consists of three stages. In the first stage, robotic arms coarsely align the flux-pinning mechanisms. In the second stage, other actuators, such as hexapods similar to the ones used on JWST, 5 finely align the mechanisms. In the final stage, the mechanisms cool below the critical temperature, and the other actuators are powered down.
A variation of this approach uses electromagnets to provide the fine alignment. As before, robotic arms coarsely align the flux-pinning mechanisms. Then, in the second stage, the mechanisms cool below the critical temperature and are finely aligned by electromagnets, which adjust the relative orientation and position of the magnets and superconductors by perturbing the magnetic field. This layer of active control is temporary; to achieve a passive aligned mirror, the mechanisms are reset one at a time. A mechanism is warmed until deactivated, and the electromagnets responsible for controlling its alignment are turned off. The mechanism is allowed to cool, pinning it in the new configuration, and the process is repeated for the remaining mechanisms.
Retractable Latches
Another approach is to assemble the warm mirror by latching the segments together. These latches maintain the alignment as the mirrors cool, then release once the flux-pinning mechanisms are activated. This approach has the advantage of providing a means of maintaining the alignment that requires no power in the event that the mirror must be warmed, such as for servicing; the segments simply latch together again.
Temporary Active Control
A third approach is to use electromagnetic formation flight 11 to maintain the alignment as the superconductors cool. These electromagnets are placed sufficiently far away from the flux-pinning mechanisms to prevent any interference, and they are turned off once the flux-pinning mechanisms are activated.
SUMMARY
A flux-pinning mechanism consists of a configuration of magnets and superconductors that allows unconstrained motion in specific degrees of freedom. Motion in any other degree of freedom gives rise to a restoring force analogous to a non-contacting damped spring force, and the stiffness and damping are mechanism properties that can be adjusted independently. Since flux pinning currently requires cryogenic temperatures, the relative orientation and position of the magnet and superconductor must be maintained by some other means while the superconductor cools. Potential methods include robotic assembly, the use of retractable latches, or electromagnetic formation flight. However, unlike mechanical mechanisms, flux-pinning mechanisms operate best at low temperatures and are ideally suited for use in infrared space telescopes. One potential application of these mechanisms is the assembly and alignment of large segmented cryogenic mirrors; placing these mechanisms along the segment edges may enable the on-orbit assembly of a segmented mirror that is analogous to a monolithic mirror in that it can be treated as a single unit rather than an actively controlled formation. Potential benefits of this approach include passive stability, reconfigurability, and ease of repair.
The successful implementation of a flux-pinning mechanism in an optomechanical application depends largely on the achievable stiffness and damping. While previous work has demonstrated the use of a flux-pinning mechanism for aligning CubeSats, the mechanism was not sufficiently stiff for optical alignment; the CubeSats were separated by a distance on the order of a couple centimeters, which resulted in a stiffness on the order of a few newtons per meter. 16 However, higher stiffnesses can be achieved by flux pinning the magnet and superconductor closer together or using a stronger magnet. In particular, correlated magnets, which can have a near field that is at least 50% stronger than that of an equivalent neodymium magnet, may provide a means of achieving a sufficient stiffness. 19 An investigation into the stiffness and damping of correlated and conventional magnets for separations of at most 1 mm is in progress and will form the topic of a future paper.
